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SUMMARY 

I 

The ef fec ts  of suction through porous leadingedge  surfaces on the 
longitudinal aerodynamic character is t ics  of a 47.5O sweptback  wing- 
fuselage  configuration have been inveatlgated i n  the  +gley  full-scale 
tunnel a t  a Reynolds number of- 4.4 x 10 . The w i n g  section normal to the 
quarter-chord  line was NACA 641AU2, the  aspect r a t i o  was 3.4, and the 
taper r a t i o  was 0.51. 

- 6 

The maximum l i f t   c o e f f i c f e n t  of the model without  suction was 0 . 8  
and the  conf5guration was longitudinally  unstable. The application of 
area  suction  extending  along 38.6 percent of the  outboard wing span d 
from the zero to the  1-percent  chordwise  stations on the wing upper 
surface  increased  the maximum lift coefficient by 0.12  and  reduced the 
drag,  including  the  blower power drag, i n  the  high lift range by approxl- 
mately 30 percent. The model was longitud3nally  stable at the stall  f o r  
this  configuration; however, t h e   s t a b i l i t y   a t   t h e  stall  was preceded by 
some errat ic   pi tching  character is t ics .  The configurations  investigated 
having  area  suction  along 19.3 percent and 57.9 percent of the  outboard 
wing span resu l ted  in longitudinal  in8tabiUty a t  the  stall. 

Of the  range of the chordwise  extent of  area  suction  and flow coef- 
f ic ients   invest igated,   s tabi l i ty  a t  the stall  was obtained o n l y  f o r  
suction between the  zero  percent and the  l -percent   chorddse  s ta t ions on 
the WFng upper  aurface. 

The in i t i a l   app l i ca t ion  of suction a t  small removal flow rates 
resul ted  in   large improvements in the  lift and  drag  characteristics a t  
the  high  angles of  attack; however, , t he   r a t e  of .imgrovement decreased 
and the ef fec ts  .approached a-, lfmiting  %lue  &th  increasing  suction flow 
quantit ies.  

I 
I 
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Prelhninary calculations  indicate  that   the blower power dr&g a t  high 
Lift coefficients w i t h  area  suction would be lower than similar s l o t t e d  I 

configurations. . .. 1 '  .I- . . .  .. , ! 
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The inherently poor  low-speed  aerodynamic character is t ics   of   thin 
highly sweptback w i n g s  may primwily be a t t r i bu ted   t o  wing leading-edge 
air-flow  separation.  Studies have been made to  evaluate  the  effective- 
ness of leading-edge f l aps  and suct ion  s lots  as means for  improving the  
characterist ic-s o f  t h ln  wkgs  (references 1 t o  5 ) .  In addition t o  the 
use  of  f laps and suction  slots,   the  theory  presented  in  reference 6 indi -  
cates  that leadlng-edge  separation on th in  wings  could be delayed by 
removing small quantit ies  of a i r  through p r o u s  leading-edge  surfaces. . 
Two-dimensFonal tests (reference 7) have shown improvements i n   t he  lift 
and drag characteristics of an a i r f o i l ,  and the  results  reported  in 
references 8 and 9 show the  effect   of--ares   suct ion on the  longitudinal 
s t ab i l i t y   cha rac t e r i s t i c s  o f  highly sweptback wings. 

A research program has been underway a t  the  Langley ful l -scale  
tunnel   to   s tudy  the low-speed  aerodynamic character is t ics   of  a swept- 
back  wing-fuselage  configuration  with  various  combinations of high-lift 
f laps  and boundary-layer control  by  suction. The longi tudina l   s tab i l i ty  
character is t ics .  of  the subject  configuratlon were greatly improved with 
the  use  of  either  properly  located  leading-edge  flaps  or  leading-edge 
spanwise  suction  slots; however, fo r  the slots  large  suction-flow 
quant i t ies  were required  to  obtain  any improvements. In  view of the 
possibil i ty  of  reducing  the  required  suction  quantit ies  while s t i l l  
attainFng -improved air flow over  thin wings, the  program was extended to 
invest igate   the  effects   of  area suction. The wing  leading-edge sweep- 
back was 47.5O, the   aspec t   ra t io  was 3.4, the   t aper   ra t io  was 0.51, and . 

t h e   a i r f o i l   s e c t i o n s  normal t o   t h e  quarter-chord  line were NACA 641A112. 

I 

The resul ts   include  the  effects  of varying  the  extent o f  chordwise 
and spanwise area suction and  suction-flow  quantities on the  maximum 
l i f t  and long i tud ina l   s t ab i l i t y   cha rac t e r i s t i c s  o f  the model a t  zero 
yaw. Forces, moments, and internal-suction  pressures were measured f o r  
each configuration  for a range o,f angle of attack  through the s ta l l .  
Surface pressure dis t r ibut ions were obtained  for  several  configurations 
and angles o f  a t tack.  The Reynolds number of t h e   t e s t s  was 4.4 x 10 
and corresponds t o  a Msch  number of  approximately 0.07. 

6 

COEFFICIENTS AND SYMBOLS 

A l l  r e s u l t s  are presented Fn standard NACA form of  coefficients 
and forces, and a re ' r e f e r r ed   t o   t he  wind axes. Moments are  referred t o  
the quarter-chord potnt of  the mean aerodynamic  chord. 

- 
- 
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lift  coefficient ( L / ~ ~ s )  

measured drag, coefficient (D/c@) 

drag  coefficient  equivalent to blower  power 

pitching-moment  coefficient  (M/qoSF) 

siction-flow  coefficient (Q/v,s~) 

pressure-loss  coefficient (%q; &) 
pressure  coefficient (p iopo) 
lift,  pounds 

drag,  pounds 

" 

pitching  moment,  positive  when  moment  tends to increase  angle 
of attack,  foot-pounds 

free-stre-am  dynamic  pressure,  pounds per square  foot 

(+ovo2) 

mass density of air, slugs per cubfc  foot 

free-stream  velocity,  feet per second 
d 

total w i n g  area,  square  feet 

w i n g  area  affected by span of 

wing  chord,  measured in plane 
line, feet 

wing  chord,  measured in plane 
feet 

area  suction,  square  feet 

perpendicular  to  quarter-chord 

paranel to plane of symmetry ,  

wing mesa aerodynamic  chord,  measured in plane  parallel  to 

plane of symmetry,  feet ( f ~ ~ "  cT2d.) 

I I , .  



4 
c 

MACA RM L5UU5 

Ho 

Ha 

P 

PO 

R 

I-I 

U 

wing span, measured perpendicular t o  plane  of symmetry, feet 

distance measured perpendicular to plane  of symmetry, feet 

distance measured parallel t o  plane  of symmetry, feet 

to ta l   quant i ty   o f  flow  through permeable surfaces,   cubic  feet  
per second 

free-stream total   pressure,  pounds per square foot 

total   pressure  inside wing duct, pounds per square  foot 

l oca l  static pressure, pounds per square  foot 

free-stream static pressure, pounds per  square  foot 

Reynolds number ( poVoF/p) 

coefficient  of  viscosity,  slugs  per  foot-second 

angle  of  attack  of wing  chord line, measured in plane of 
symmetry, degrees 

MODEL 

General  dimensions  of the model are given  in figure 1, and a photo- 
graph o f  the model mounted in t h e   b g l e y   f u l l - s c a l e   t u n n e l  is presented 
as figure 2. The wing leading-edge sweepback was 47.5O; the  aspect 
r a t i o  w a s  3.4; the  taper r a t i o  w a s  0.51; and the   a i r fo i l   s ec t ions  normal 
to the  quarter-chord line were NACA 6k1A112. . The wing panels had no 
twist or geometric  dihedral and were mounted i n  a low midwing position 
a t  zero  incidence on a circular  fuselage.  

Suction was applied a t  the  wing leading  edge  through  porous  surfaces, 
extended  spanwise from the 22.8-percent  semispan s t a t ion  t o  the wing t i p ,  
asd  extended  chordwise from 1.0-percent  chord on t he  lower surface  to  
8-percent  chord on the  upper  surface  (fig. 3 ) .  By a method o f  sealing 
the porous  surface,  investigation  of  the  various  spanwise and chordwise 
configurations was possible. The air flow was induced in to  two span- 
wise chambers inside  each wFng panel  divided a t  the 61.4-percent semi- 
span s t a t ion  in  order  to  obtain  closer spanwise  control, and was then 
ducted  into 8 C O ~ R  plenum  chamber located in  the  fuselage. Flow con- 
t r o l w a s  regulated by thro t t le   va lves   ins ta l led  in each  duct  leading 
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from the  w i n g  and by a free-air-bleed  valve  located on the  fuselage. 
The suction was supplied  by a high-speed centrifugal compressor driven 
by a variable-speed  electric motor with  the compressor air i n l e t  con- 
nected to   the  fuselage plenum  chamber and the a i r   o u t l e t  ducted t o   t h e  
fuselage t a i l  pipe.  Suction-flow  quantities were measured by th in  flat- 
p l a t e   o r i f i ce  meters in each wing duct, and wing-chamber static pres- 
sures were recorded from flush w a l l  o r i f ices .  The pressure loss coeffi-  
c ients  Cp were determined from total pressure measurements obtained 
at the  junctures  of  the wing chambers and the afr suction  ducts. . A i r -  
f o i l  surface pressures (measured in a plane  paral le l  to  the  plane  of 
symmetry) were measured over  the l e f t  wing panel by f lush static or i -  
f ices   located a t  four spanwise s ta t ions,  as shown in table I. 

OF LEADING-EDGE S W A C E S  

The selection  of porous surfaces  for  leading-edge  suction  necessi- 
t a ted  the consideration  of  such  factors as the  suction-flow  quantity, 
the  fabrication and exter ior   f in i sh  of the  surfaces, and the  character- 
i s t i c s  of  the  suction power unit. Since it is believed that the  proce- 
dures followed in   the  select ion of the porous material and the  special  
techniques  involved in   t he   f ab r i ca t ion  of the leading  edges are  note- 
worthy, the  following  operational methods developed  during the present 
investigation are included. 

The first s tep  Fn the  procedure  used for the  selection o f  the 
porous surfaces was to  calculate  the  theoretical   two-dimensional-airfoil  
pressure  distribution  for  several  section lift coefficients  (reference 10). 
The assumption was then made that the  internal  suction  pressure w a s  at 
leas t   equa l   to   the  peak negative pressure on t he   a i r fo i l   su r f ace   t o  
prevent  outflow and the  resul tant  chordwise  inflow or normal veloci t ies  
were determined for  materials  having  various  eades of porosity. The 
chordwise  normal veloci t ies  were integrated  over  the part o f - t h e  chord 
involved to  obtain  the  suction-flow  quantities and it was found that, 
for  a material  having a porosity  characterist ic of 1-foot-per-second 
veloci ty  normal to   the  surface a t  0.25 pound per square inch o r  7 inches 
of  water-pressure  drop  across the surface,  the  suction-flow  coefficients 
would vary between 0.00075 and 0.0025 as the chordwise extent  of  suction 
varied from 1 t o  6 percent of  the wing chord. 

- 
The next  step w a s  to .   se lect  a sui table   mater ia l  which  could  be 

incorporated  into  the wing leading edge and meet the  requirements  for 
area  suction. It w a s  desirable to  use a material  whLch had a very  large 
number o f  small openings,  aerodynamically smooth, easFly fabricated, 

I 
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and also capable  of  being  cleaned.  Previous  investigations of boundary- 
layer  control by area suction have employed blotting  paper,  sintered 
bronze  (reference 7),  l inen  gauze (reference 8) ,  and numerous screen 
and mesh combinations. An extensive  study had been made by  the Cascade 
Aerodynamics Section o f  the Langley  Aeronautical  kboratory t o  deter-  
mine the  porosi ty   character is t ics  and availability-of a large  var ie ty  
of porous materials.. The materials were tested in the  basic  condition 
as supplied  by  the  manufacturers  or  processed either mechanically  or 
chemically. Rom the findings o f  this   search it was poss ib le   to   se lec t  
a porous material which would best  serve  the  purpose  of  the  present 
investigation. The material chosen was a metal filter cloth of monel 
wire which had a mesh of TOO x 80 wires per inch and total   th ickness  
of 0.0105 inch. The basic   porosi ty   character is t ics  of the material as 
received are given Fn f igure -4. The material before  processing was 
much too porous for   the  need o f  the  present  investigation; however, by 
decreasing  the  thickness  of  the f i l t e r  cloth  through a hammering proce- 
dure  the  desired  porosity  condition was obtained  (fig.  4) and the surface 
roughness was reduced.  Particular  care and effort-was  exerted  during 
t h i s   s t e p  because  the hammering procedure is i r revers ib le  and the  thick- 
ness and porosity  of  the material could be made nonuniform. The skin 
thickness   af ter  hammering ranged between  0.0071  and 0.0073 inch  with 
l i t t l e  var ia t ion in porosity. The  hammered filter c lo th  was bonded 
around the edges t o  a coarse  spacer  screen (0.024 inch  thick) and 
at tached  to  a perforated-steel back-up sheet (0.094 inch  thick) formed 
t o   t h e  contour of t he   a i r fo i l .  The total   th ickness  of the  porous sur- 
face and backing w a s  approximately 1/8 inch and the  screen and  back- 
up-sheet  combination  did  not'  appreciably  affect the porosity  character- 
i s t i c s  as determined  for the metal f i l t e r   c l o t h .  

The extent  of  the  chordwise and spanwise area suction was maintained 
by a s t r ippable  nonporous p l a s t i c   c o a t h g  which was careful ly  sprayed 
onto  the  surface. The plastic-coating  thickness was approximately 
equivalent  to  the  thickness of ordinary  cellulose tape; however, the 
surfaces were sanded and the edges were feathered. In the  process of 
spraying  the  plastic  coating  onto  the  surfaces some impregnation  occurred 
and it was necessary  to pass a solvent  cleaner  through  the exposed SLW- 
faces immediately after a section w a s  stripped.  During  the  course  of 
the  investigation  the  surfaces were repeatedly  cleaned  with  carbon 
te t rachlor ide i n  order  to remove dust and other   par t ic les  which clogged 
the material as a result  of  boundary-layer  suction. The porosity  of 
the  material after it had been stripped  of  the  coating and after it had 
been  exposed t o   t h e  air for  the complete time o f  t e s t ing  is presented in 
f igure 4. It' should  be  pointed  out that the  indicated loss i n  porosity 
represents  the extreme l i m i t  but  by  repeated  cleaning-of  the  surfaces 
the  porosity loss w a s  recovered and most o f t h e   t e s t s  were conducted i n  
the  region  representative  of  the  clean  condition  (fig.  4) . 

4 
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TESTS AND RESULTS 
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Tests t o  determine  the  effects of  leading-edge area suction on the 
longitudinal aerodynamic character is t ics   of   the  model were made fn the 
Langley full-scale  tunnel.  Force data,  internal-flow-pressure data, 
and a i r fo i l   p ressure   d i s t r ibu t ions  were obtained a t  zero yay over a 
range  of  angle  of  attack from small negative angles through the angle 
for  maximum lift. The extent of the spanwise  and  chordwise length of  

~ 

exposed surface was varied from 0.22& t o  l . O &  and from zero  chord t o  
2 2 

0.06 chord on the upper surface,  respectively, w i t h  suction flow coeffi-  
cients  varying between 0.0007 and 0.0035. The Reynolds number of the 
Gvest igat ion was approximately 4.4 x 10 corresponding t o  a Mach number 6 
of 0.07. 

The data have been corrected  for  jet-boundary effects (as deter- 
mfned from the  straight-wing method o f  reference Il), blocking effects ,  
stream  alinement, and wing-support interference. Ln addition, a drag 
tare  correction (which fo r  most ccrhditions was very small) has been 
applied  to compensate for  the  effects  of the air-jet thrust due t o  the 
blower operation. The drag  coefficients CD as preserited In the f ig -  
ures  a re  the measured coeff ic ients  of the external drag of .the wing- 

. fuselage  combination and do not  include the blower-power drag coeffi-  
c ients .  The w h g  areas used in the  computation  of the blower-power 
drag coefficients are presented in table 11. 

A siumnary of the maximum-lift resu l t s  and the longitudinal s tab i l -  
i t y   cha rac t e r i s t i c s   fo r  the various  configurations  tested is presented 
in table 111. In order t o   f ac i l i t a t e   t he   d i scuss ion  o f  results, the 
data are  arranged in the following  order  of figures. The longitudinal 
aerodynamic character is t lcs  of the basic wing are given in figure 5, and 
the a i r fo i l   p ressure   d i s t r ibu t ions  are presented in  figure 6 .  Figure6 7 
t o  9 present  force test data and a i r f o i l  pressure d is t r ibu t ions   to  
i l l u s t r a t e  the effect   of  the spanwise variation  of  suction on the wing 
aerodynamic character is t ics .  The r e su l t s  of the chordwise variation  of 
area  suction are presented in figure 10, and the   a i r fo i l   p ressure  d i s -  
t r ibut ions of  the  corresponding  conditions are sham i n  figures II and 
12. The effects of the  suction-flow  quantity on the wing longitudinal 
character is t ics  are given in figure 13 .  The resu l t s   o f  the equivalent 
blower drag for  the wing  employing suc t ion   s lo t s  o r  porous surfaces are 
presented in figure 14. 

I 

I 
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DISCUSSION O F  RESULTS 

Basic Wing Characterist ics 

WICA RM ~ 5 1 ~ 1 5  

The 1ongitudinal.aerodynamic characterist ics  of the basic wing 
shown i n  figure 5 are  similar to  the  results  presented  in  reference 5 .  
The m a x i m u m  l i f t  coefficient of  the model without  suction is 0.98 a t  an 
angle of a t tack  o f  2 2 O  and the  configuration a t  t h i s   a t t i t u d e  is longi- 
tudinally  unstable. In the low- and moderate-lift-coefficient  range, 
up t o  a CL o f  0.8, a = 150, the l i f t ,  drag, and pitching  characteris-  
t ics  are  very  nearly  l inear.   Increasing  the  angle of  a t tack above 15O 
resul ted  in  large increases  in  drag. Between angles  of 15O and 170 the  
Cm curves  indicate  large  increases  in  the nose-down pitching momente. 
These abrupt changes  can be a t t r ibu ted  t o  a "bubblell  of  air-flow separa- 
t i o n  occurri'ng at the wing leading  edge, which effect ively alters the  
leading-edge  profile, and produced a localized lift increase  in   the  t ip  
region and a rearward movement of  the wing center of  pressure.  Although 
the leading-edge  bubble i s  not   located  ( f ig .   6(c)) ,  because  of the lack 
of  spanwise pressure  distributions, it is estimat-ed from the  data  of 
reference 5 t o  be between the 73- and 93-percent-span s ta t ions .  The 
flow  outboard  of  the  disturbance  although  stalled produced some l i f t  
increase and figure 6(c)   i l lust rates   the  region t o  be near  the 93- 
percent-span  station.. The leading-edge  disturbance  progressed  inboard 
with  increasing  angle o f  a t tack and a t  an  angle o f  a t tack  of 18.1' 
( f ig .   6 (d) )   the  phenomena had moved inboard t o  the 53-prcent-span sts- il 

t ion.  For this condition  the  decrease  in l i f t  over the outboard wing 
sections and the accompanying forward movement of  the  center  of  pressure 
resul ted  in   longi tudinal   instabi l i ty . .  The inboard  progression of  the 
leadingedge  disturbance .is also  evident a t  an  angle o f  a t tack o f  200 
( f i g .  6 (e) )  (% = 0.34). 

.. . 

Effect o f  Area Suction on the  Lon.gitudina1 Characterist ics 

Spanwise extent of  suction.- The control of the  air flow  over  the 
outboard  sections o f  highly sweptback  wings  can  be attained  with prop- ' 
erly  desimed  leading-edge  flaps, slats, o r  suction. In each case, 
however, there i s  a cr f t - ica l  span required  to produce longitudinal sta- 
b i l i t y .  The resul ts   of  ,the spanwise variation  of-suction  through porous 
Turfaces for  the  present  investigation are shown in  table  111 and repre- 
sentative  curves  are  presented in figure 7. It can be seen from f ig -  
ure 7 that the  application o f  suction t o  the  largest  value of CQ 
obtained  along 1 percent of the wing chord and the  outboard 19.3 percent 
of  the  wing span has a negl igible   effect  on the m a x i m u m  lift coeff ic ient  
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(L ) did  occur 9 earlier and r e su l t s   i n  a small  reduction of drag 

between CL of  0.8 and the maximum lift coefficient.  The pitching- 
moment charac te r i s t ics   jus t   p r ior   to  C k  are greatly influenced  by 

this  suction  although the model was longitudinally  unstable beyond 
Ck. The abrupt pitching-moment changes  which were present  for  the 

basic wing without  suction were eliminated and the  model became neut ra l ly  
stable up t o  and including the angle  of  at tack  for . It w a s  pre- 

viously  pointed  out for the  basic wing t ha t  a bubble of separation at 
the  outboard  leading edge resulted in a rearward movement of  the  center 
of  pressure and an accompanying increase in stabil i ty.   Suction  spamfng 

the  outboard 0 .lgg, and w i t h  a CQ = 0 .OOl25, eliminated  the  separation 
bubble and delayed  the stall  t o  higher angles  of  attack, until a l l  sec- 
t ions on the  outboard half of the wing span s t a l l ed  in unison. The 
changes in l i f t  over the  outboard  19-percent w i n g  span  cannot be detected 

. from the l i f t  data,  but  the  pitching moments c lear ly  show the   beneficial  
e f fec ts  o f  suction. 

cI'I199x 

I The extension o f  area  suction  to  the  outboard 38.6 percent  of  the 
wing span resulted i n  an  increase in the maximum lift coeff ic ient   to  
1.10 (ELmax = 0.12). The drag  coefficients  In  the  range  near 

were unaffected by the  application of suction. The pitching moments a t  
the m a x i m u m  lift coefficient were longitudinally stable. lh the lift- 
coefficient  range between 0.96 and 1.04, the  data  indicated an abrupt 
increase in negative  pitching moment followed by a recovery  to  the ini- 
t i a l  moment.  The airfoi l -pressure diagrams of figure 8(d) show a d is -  
turbance  occurring In the  region  of  the  53-percent-span  station and 
extending  outboard t o  the 73-percent-span s ta t ion .  (Compare f igs .   8 (c)  
and 8(d) .) The pressures are also somewhat affected  inboard of the 
53-percent-span s ta t ion  but  not so noticeably as the pressures a t  the 
outboard  stations. The e f fec t  of the  disturbance was to   sh i f t   the   cen ter  
of  pressure rearward with  respect   to   the moment exis and  produce a nose- 
down pitching moment. A further  increase in angle  of  at tack  (fig.  8(e))  
resulted in a loss  of l i f t  in the  region  near  the  53-percent-span  station 
which i s  Fnboard of  the  extent  of -area suction (0.61g to l.O& . The 
peak negative  pressures a t  the wing t i p  were reduced  and  trailing-edge 
separation  occws at  the  outboard  stations for this angle of  attack, 
OG = 20°. The pitching-moment curve a t  th i s   a t t i tude   reversed  and indi- 
cates a nose-up tendency. Near the m a x i m u m  l i f t   c o e f f i c i e n t  (fig. S( f ) ) ,  
the  flow  over the wing t ip   s ec t ions  and the sections  inboard of the area 
suction were s t a l l ed .  ~ The unstalled wing areas in  the region of the 
73-percent span s t a t ion  are suf f ic ien t ly  behind the  moment ax is  to pro- 
duce a ne t   s tab i l iz ing   e f fec t .  It 1s-possible that, if the optimum span 
o f  area suction or greater flow quant i t ies  were obtained,  the  sl ightly 

cLmax 

2) 
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erratic pitching  characteristics  encountered  prior  to  the stable break 
a t  the maximum lift would have  been eliminated. 

Additional  increase in spanwise extent o f  suction  ( table 111 and 
f ig .  7) had no appreciable effects on the lift character is t ics  of the 
model such as were obtained  for the w i n g  w i t h  suction  spanning the out- 
board 38.6 percent of the w i n g .  In the moderate and high l i f t -coef f ic ien t  
range, however, the drag  coefficients  including the blower power drag 
were reduced by 15 t o  35 percent. The longi tudinal   s tabi l i ty   character-  
i s t i c s  were similar t o  those  for the basic w i n g ,  w i t h  the exception that 
the nose-down pitching moments p r i o r   t o  the ins tab i l€ ty  a t  the stall, 
were not so pronounced. The pressure diagrams  given in figure 9 show 
that unstalled  flow w a s  maintained over the wing leading edge t o  high 
angles  of  at tack and that init ial  separation  occurred a t  the t r a i l i n g  
parts of the outboard wing sections.  A t  an  angle  of  attack  of 20' the 
model exhibited  an  abrupt  divfng  tendency. The pressure diagrams of 
figure g(e) show that the leadingedge  disturbance  occurred  along the 
outboard  sections and  produced the  nosedam  condi t ion.  Higher angles 
of attack resulted in a w i n g  s ta l l  similar t o  that obtained w i t h  a large 
span leading-edge f l a p  o r   fo r  the basic  wing, that is, stall  originatlng 
a t  the w i n g  t i p s  and progressing inboard. 

Chordwise extent o f  suction.- The chordwise  extent  of  area  suction 
which produced longitudinal stabil i ty a t  the s t a l l  and  gave the la rges t  
increment i n  maxim& lift w a s  found t o  be between the zero-percent- 
chord s t a t ion  and the  I-percent-chord  station on the wing upper surface 
(table 111 and f i g .  10). The investigation o f  reference 5 showed very 
similar re su l t s  w i t h  8 suction slot located a t  the one-half-percent- 
chord s ta t ion.  The data of figure 10 show the largest  increments in 
maximum l i f t  t o  be 0.12 and 0.15 fo r  the 1-percent-chordwise  configura- 
t i o n  spanning 38.6 percent and 77.2 percent of  the outboard wing panels, 
respectively.  Ektending the suction  surface  to the 22- or  3-percent- 

chord s ta t ions,  upper surface, resulted in maxfmum l i f t  coefficients of 
0 . d  lower  than that obtained  for the smaller opening  configuration 
having the same flow coeff ic ients .  The reduction in lift is probably 
due t o  the smaller normal inflow  velocfties  since the suction-flow 
quant i t ies  were essent ia l ly  the same; whereas the chordwise  extent  of 
area suction was Increased. Some of  the  configurations (table 111) were 
compared on the basis of  equal  average normal velocit ies,   but  these 
shared tha t  C k  was approximately 0.06 lower than  that  obtained  for 
the smaller opening  configuration. Another factor  which may contribute 
t o  the smaller increment  of lift could be the reduced normal i n f l a r  
ve loc i t ies  a t  the region  of the peak negative pressure fo r  the larger  
chordwise extent of suction as compared to the smaller chordwise extent 
of  suction even i f  the average normal ve loc i t ies  were the same for  both 
configurations. The leading-edge  surfaces were of a uniform porosity 
and the  internal  suction pressure was of a constant  value  for  each 

1 
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att i tude;  therefore,   the chordwise  inflow velocit ies  increased as the  
open surface  progressed  further  back from the w i n g  leading edge. A t  an 
angle  of  attack  approaching the maximum l i f t ,  the peak negat ive   a i r fo i l  
pressure was a t ,  o r  very  near, the zero-percent-chord  station. It has 
been previously  pointed  out that, fo r  boundary-layer control to be effec- 
t ive,  it is of prime significance  to  apply  suction in the   vicini ty   of  
the  onset of the  steep  adverse  pressure  gradient. The resul ts   of   the  
investigation  of a sweptback  wing a t  low Reynolds numbers (reference 9 )  
substant ia te   the  fact  that area suction  over small parts o f   t h e   a i r f o i l  
in the  region of the peak negative  pressures would produce the  highest  
values of C h  fo r  given  suction-flow rates and less power would be 

required  to  obtain a given m a x i m u m  lift than i f  area suction was extended 
rearward on t h e   a i r f o i l .  A comparison of  the  pressure diagrams in f ig -  . 
ures 8 a s d  11 shows the inadequacy of   the  larger  chord area suction a t  
the  highest CQ obtained  for  eliminating  the  leading-edge  disturbances 
over  the  affected  sections. In the  region of the 73-percent-span sta- 
t i o n   a t  an angle  of  attack  of 20°, ( f igs .  8(e) and l l ( e ) )  indicate  the 
flow to  be stalled for  the  configuration  having porous surfaces  extending 
to   the  2L -percent-chord  station. A t  an angle of  attack of 240, most 

of the wing w a s  s ta l led   for   the   l a rger  chordwise extent  of area suction; 
however, a small region  of  unstalled  flow  existed a t  the wing leading 
edge  between the 73-percent-span s ta t ion  and the  wing t i p .  

2 

In the l i f t  range  prior  to Cb the  drag  coefficients  increased 
as the chordwise extent of area  suction  increased  but a t  C the 

drag  coefficients,  including the blower power drag,  (regardless of the 
chordwise extent  of  suction) were about the same as the  basic wing drag. 
The longi tudina l   s tab i l i ty   charac te r i s t ics  were similar t o  the  character- 
istics of  the  basic wing. The configuration which w a s  previously  stable, 
38.6-percent wing span, became unstable when the  chord  of  suction w a s  
extended  rearward. 

%lax 

Several tests were made t o  determine  the  effects o f  opening the 
porous surface from 0 . 0 0 5 ~   t o   0 . 0 4 5 ~  wing upper surface and the resu l t s  
are shown i n   t a b l e .  I11 and figures 10 and 12. These data .show the wing 
aerodynamic charac te r i s t ics  to be essentially  unaffected  by  suction  in 
that region. 

Suction-flow  rates.- The improvements in the  longitudinal  aerody- 
namic character is t ics   of   the  model with  increasing  suction-flow quan- 
t i t ies are  similar  to  the  f indlngs  reported in  references 7 and 8. The 
initial application  of  suction  having small removal f l o w  rates resul ted 
in large  beneficial   effects  on the  lift, drag, and pitching-moment char- 
ac t e r i s t i c s .  An increase i n  the  suction-flow  quantities  did  not  propor- 
t i ona l ly  improve the  wing  aerodynamic characteristics  but  reached a 

I 
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point  of no net gains. The effect  of  increasing  the  suction-flow quan- 
t i t ies from C& = 0.00067 t o  CQ = 0.00092 ( f i g .  l3(a))  were negligible 
on the lift and drag  Characteristics  of the model with the  outboard 
38.6-percent span of the wing leading edge  porous from the zero to   the  
1-percent-chord s ta t ions.  The pitching-moment character is t ics  w i t h  the 
smaller boundary-layer-removal quantity CQ = 0.00067 were s table  up 
to the maximum lift followed by an abrupt  unstable  condition. The 
larger  flow r a t e  CQ = 0.00092 produced a longitudinally  stable  config- 
uration a t  the stall  and it is possible  that, i f  data were obtained  with 
greater  suction  quantities,  the break in   t he  pitching-moment curve prior 
t o  the stall could have been eliminated. 

The wing configurations  having  larger spanwise and chordwise  porous 
surfaces s h o w  large  drag  reductions a t  moderate and high lift coefficients 
( f igs .   13(b)  and 1 3 ( c ) ) .  The reduction in drag,  including blower power 
drag, w a s  approximately 35 percent  In  the l i f t  range  near Ck and 

fo r  the conditions  utilizing  very  large boundary-layer-removal quant i t ies  
the  drag  coefficients were reduced by more than 20 percent. Although 
the blower power-drag coefficient i s  direct ly   proport ional   to  the 
suction-flow rate and pressure-loss  coefficients, in this investigation 
the flow rate w a s  predominant in determining the power drag because the 
r a t e  of increase  of  the  pressure-loss  coefficient was not so great as 
the rate of increase  of the suction-flow  coefficient. If the porous 
material used in the fabrication of  the  leading edges had been l e s s  
dense, it is pssible   that   the   drag  coeff ic ients  In the lift range pr ior  
to   the  s ta l l  would have been lower than the  drag  values  herein  obtained, 
includfng the blower power drag. 

The.pitching-mornent character is t ics  were improved w i t h  increasing 
suction-flow  rate up t o  the s ta l l  for the wing configwations  Investi- 
gated. A small suction-flow rate resulted in  a large improvement i n  
the  stabil i ty  characterlst ice  but  increases in flow r a t e  d id  not  corre- 
spondingly improve the s tab i l i ty   charac te r i s t ics .  The unstable  pitching- 
moment break st the maximum lift coefficient  occurred  for all suction- 
flow rates with the  exception of  the configuration employlng 38.6 percent- 
outboard span suction from the zero to   the 1 percent chordwise s ta t ions.  
It is, therefore,  apparent that in  the  present  Fnvestigation  the  longi- 
tud ina l   s tab i l i ty   charac te r i s t ics   o f   the  model near C h  are   c losely 

I 

I 
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I 
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dependent upon the spanwise and chordwise extent  of the porous surfaces. 
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BLOWER POWER DRAG COMPARISON OF TWO SPANWISE 

SETIOI!i S L O T S  AND POROUS SURFACES 

The suction parer required  to  induce the flow  into a s l o t  or 
through a porous surface was calculated from the relat ionship that the 
equivalent drag w a s  d i rect ly   proport ional  to the pressure-loss an& 
suction-flow  coefficients. This method of  accounting for the suction 
F e r  is acceptable i f  it i s  assumed that the  efficiency  of  the  suction 
system and the main propulsive system  of the airplane  are.equivalent.  
The data required t o  calculate the blower parer drag of the model with 
leading-edge  suction  slots were obtained from reference 5 and a re  pre- 
sented herein in figure 14 w i t h  similar wing configurations  having 
porous surfaces. The configurations for which the  blower power  drag 
was esrtimated axe not directly comparable inasmuch as differences  can 
be seen in the pitching-moment character is t ics ;  however, each  configura- 
t ion  represents  the  best  that was obtained in the investigations. It 
should be noted that the parer drag as presented in figure 14 i s  only 
applicable to the  given  conditions and any  variation in  the geometric 
character is t ics   of  either the s lo t s   o r  porous surfaces would greatly 
influence the blower power drag coefficients.  

The blower power drag  coefficients  for the snaller span porous 
suction  configuration were fncreased  sl ightly w i t h  increasing  angle  of 
a t t ack   t o  a Va;lue of 0.014 ( f i g .  14). The larger  span area suction 
configuration, 0.7722 showed a similar  Increase  of CDE w i t h  angle  of 
a t tack  until a maximum value  of blower power drag (0.052) was obtained 
a t  a = 180. The flow  coefficients for the porous  surface-wing  config- 
&ations were constant  throughout the angle-of-attack range and the 
pressure loss coefficients  required  to  obtain  these  f low  coefficients 
were only slightly influenced  by  the  variation  of the a i r f o i l  surface 
pressures. The pressure  drop  through the porous surfaces was more than 
2 t o  3 times greater  than the m l u e  of the peak negative a i r f o i l   p r e s -  
sure. For the suction-slot  configurations,  the blower power drag 
coefficients  varied irregularly with  angle  of attack. The pressure-loss 
coefficfents were closely associated w i t h  the a i r f o i l  surface pressures 
in the region  of the suction slots  due t o  the small pressure drop  through 
the s lo t s .  In the high angle-of-attack  -range the blower power drag  for 
the suction-slot  configurations was greater than  the 7'7.2-percent and 
38.6-percent-spsn-area  suction  configurations,  respectively. I n  the 
present  investigation, the maximum flow coefficient  for  the  given con- 
figurations was about 0.0016 and the pressure-loss  coefficient w a s  40. 
The maximum flow  coefficient  encountered  for  the w l n g  wi th   s lo t s  (refer- 
ence 5 )  was approximately 0.035 and the  pressure-loss  coefficient was 10. 

b 
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SUMARY OF RESULTS 

' NACA RM L51K15 

A 

The resu l t s  of the investigation  in the Langley full-scale  tunnel 
of  the  effects of leading-edge  suction  through  porous  surfaces on the 
aerodynamic character is t ics  of  a 47.5O sweptback wing are  summarized as 
follows : 

1. Boundam-layer control, fh general, improved the pitching-moment 
curve below the maximum lif% coefficient and, f o r  the configuration 
having  suction  spanning  the  outboard 38.6 percent of the wing span, the 
wing was longitudinally stable a t  the stall; however, the s t a b i l i t y  a t  
the stall  was preceded by some errat ic   pi tching  character is t ics .  The 
19.3 percent and 57.9 percent epanwise euction  configurations produced 
unstable  pitching  characteristics a t  the stall.  

2. O f  the  range of the chordwise extent of area  suction and flow 
. coeff ic ients   invest igated,   s tabi l i ty   a t  the stall was obtained  only f o r  

suction between the  zero  percent and the  1-percent chordwise s ta t ions 
on the wing upper surface. 

3. Leading-edge boundsry-layer  control  applied  over  the outboard 
.38.6 percent of the wing span increased the maximum lift coefficient of 
the m o d e l  from 0.98 t o  1.10 and reduced the model drag,  including  the 
blower-parer  drag, by approximately 30 percent  in the high-l i f t  range. 

4. Area suction a t  high angles of attack improved the l i f t  and 
drag  characteristics. The rate of improvement decreased and the  effects  
approached a maximum value as the suction  quantities  increased. 

5. Preliminary  calculations  indicate that the blower-power drag at 
high-lift coefficients with area suction would be less than  that  with 
the  suct ion  s lot  arrangement previously  investigated on the same model 
configuratfon. 

Langley  Aeronautical  Laboratory 
National  Advisory Committee for Aeronautics 

Langley Field, Va. 
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TABLE I 

AIRFOIL ORIFICE LOCATION 

Chordwise s ta t ion  
x/c 

Upper surface 

0 
.005 

.015 

.025 

.om 

.060 

.080 

.120 

.170 

.220 

.320 

.420 
,520 
.620 
.720 

.010 . 

Lower surface 

0 
-005 
.010 . or5 
.025 
.Oh0 

””- 

””_ 

.170 
”-” 

.320 
-I“- 

.520 

.720 
””_ 

TABLE I1 

I 

L 

I 

WWG AF3A -TED BY POROUS LEADTmG-EDGE SURFACES . 

Span of  porous 
material  

(percent b/2) 

I 
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Spamrlse location 

from % model 
(percent b/2) 

f pOrOUS "kCM 

sealea 

80.7 - 100 

80.7 - 100 

80.7 - loo 

80.7 - 100 

00.1 - loo 

Q.4 - 100 

61.4 - 100 

61.4 - 100 

61.4 - 100 

61.4 - 100 

61.4 - 100 

61.4 - 100 

chordvise 
percent chord) 

location 

c 

CQ 

0 .w& 

.001s 

. ool5 
k c t i o n  p e r  

failure 

.00067 

.oooge 

. m 7  

.00123 

.00074 

.00201 

.002 

- 

%ax 

- 
0.98 

1 .oo 

-98 

-99 

-99 

.97 

1.09 

1 .lo 

1.01 

1 .oo 

.99 

1.03 

1.00 

- 

%rcax 
euction 

"" 

0.02 

"I.. 

.01 

.01 

-.01 

.u 

.l2 

-03 

.02 

.01 

- 05 

.02 

22 

22 

X) 

22 

22 

22 

23 .a 

24.8 

22 

22 

21 

a.9 

22 
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tpauwise location 
e porous material 

f rom % model 
(percent b/2) 

61.4 - 100 

42‘.1 - Q.4 
61.4 - 100 

22.8 - 61.4 
61.4 - 100 

22.8 - 61.4 
61.4 - 100 

22.8 - 61.4 
6l.4 - loo 

22.8 - 61.4 
61.4 100 

0 t o  % 

O t o l  

0 t o  1 

3 
g t o  4$ 

0 t o  1 

O t o l  

a t 0 2  
O t o l  

O t o l  
o t o 2  

o t o 2  

0 t o  2 

o t o 2  
O h 3  

CQ 

0.00204 

.00201 
-0oOq3 

. O W 4 4  

.00126 - 

.a0266 

.00204 

. m u g  . 0008 

.ooB6 

.OOl23 

.ooog3 

.00083 

’ .om65 
.001g1 

. w 3  

.OOOSC! 

.00269 

.OOlgg 

.oo&6 

.wm1 

0.99 

1.09 

1.08 

1.00 

1.13 

1.15 

1.09 

1.12 

1.06 

1.14 

1.12 

- 

0.01 

.n 

.lo 

.02 

- 15 

.17 

.u 

.I4 

.a 

.16 

.L5 

I 

I 

I 

I 

L 

! 

I 

I 

I 



Spanwise locatio1 
f poroua materid 

from Q. model 
(percent b/2) 

22.8 - Q.4 
61.4 - 100 

22.8 - fa.4 
6l.4 - 100 

22.8 - 61.4 
61.4 - 100 

22.8 - 61.4 
61.4 - 100 

22.8 - 6r.4 
61.4 - 100 

22.8 - 61.4 
61.4 - 100 

22.8 - Q.4 
61.4 - 100 

22.8 - 61.4 
61.4 - 100 

22.8 - 61.4 
61.4 - 100 

22.8 - 6l.4 
61.4 - 100 

Chordvim 
location 

percent chord) 

O b 3  

0 t o  3 

0 t o  3 
0 t o  9 

0 to y 

0 to 4+ 

0 t o  4$ 

E3 

0 to 3 

I 

OtOG 
0 t o  6 

0 to 6 

0 to. 6 

cQ 

0 .ooll8 
.ooog 

.00269 

.002 

.mu9 
* O W 3  ' 

.0034 
a 00-3 

.00123 
* O W 3  

.00353 

.ma4 

,00121 
..00091 

.003b 

.0025 4 

.00112 

.00@4 

.00341 
-00253 

- 

cL- 

- 

1.05 

1.15 

1.04 

1.12 

1.03 

1.13 

I .02 

I .12 

1.02 

1.10 

20.9 

22.8 

20.9 

23.8 

20.9 

22.8 

20.9 

u . 8  

22.9 

20.8 

- .  
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l i 2 4 n  

Wing area 225.98 sq ft 
Aspect ratio 3.4 
Taper ratio 0.5 I 
Airfoil section MACA 69AI12 
Root chord 10.8 ft 
Tip chord 5.5 ft 
E 8.78 ft 

L 
Figure 1.- Three-view draving of a 47.5O sweptback King-fuselage combina- 

t i o n  with bounaaryrlayer control. 

. . . . .  
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Figure 2.- Three-quarter front views of the 47.5' sweptback vlng boundary- 
layer-control model mounted in the Iangley full-scale tunnel. 

. .  . .. . 
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0.12 b/2 j 

47 I r n  G 
2& > }- 0.772 b/2 

rPorous materiol 

(b) Enlarged view of  section A-A 



Material before 
procesahg 

Processed material, 
clean 

Proceased material, 

unclean 

ru .!= 

I 
0 .4 .a I. 2 1.6 20 2.4 

Pressure drop across surface, Ap,psi 

Figure 4.- Porosity characteristics of metal filter cloth. z 
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Figure 5.- Imgitudinel aerodynamic characteristics o f  the 47.5O Ewe back 
wing-fuselage combination. Porous surfaces sealed. R = 8.4 x 10 E? . 
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(a) a = 10.6'. 

Figure 6.- A i r f o i l  pressure  distribution  over a 47.3O sweptback w i a g .  
Porous surfaces  sealed. R = 4.4 x 106. 



(b) a = 14.4'. 

Figure 6.- Continued. 
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Chordwise station, x / c '  

( c )  a = 16.2O. 

Figure 6.-  ContFnued. 
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(d) cc = 18.1'. 

Figure 6.- Continued. 
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Figure 6 .  - Concluded. 
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Figure 7.- Effect of spanwise exkent o f  suction on the longitudinal aero- 
aynamic characteristic6 o f  a 47.5O sweptback vlng-fuaelage ccaubination. 
R = 4.4 X 18. 



(a) a = 10.6~. 

Figure.8.- Airfoil pressure distribution over a 47.5O sweptback wing 
with suction, 0.38% ; Oc to 0.01~; CQ = 0.00092; 

R = 4.4 X IO6. 
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(a) a = 14.4'. 

Figure. 8. -. Contipued, 
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( c )  cc = 16.2O. 

Figure 8.- Continued. 
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(d) a = 18.1°. 

Ffgure 8.- Continued. 
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( e )  a = 20’. 
Figure 8.- Continued. 
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(f) u = 24O. 

Figure 8.- Concluded. 
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1 Chordwise station, x/c' 

(a) a = 10.6~. 

Figure 9.- Airfoil. pressure dist r ibut ion over a 47.5O sweptback wing 
with  suction. - 0.61%, CQ = 0.00186; 0.614 - LO%, b 
CQ = 0.00126); OC to 0.01~; R = 4.4 X IO6, 
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(b) a = 14.4'. 

Figure 9.- Continued. 
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Figure 9.- Continued. 
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Chordwise sfafion, x/c' .. . .. , 

( d )  a = 18.1'. 

Figure 9.- eon&ued. 
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Figure 9. - Continued. 
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Figure 9.- Concluded. I 
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Figure 10.- Effect of chordwise extent of auction on the longitudinal 
aerodynamic characterletice of a h7.5O awegtback wing-fuselage com- 
bination. R = 4.4 x 10 . 6 
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horchvise statlon, x/c' 

(a) a = 10.6'. 

Figure 11.- Airfoil  pressure  distribution  over a 47.5O sweptback w i n g  
with suction. 0.386$(0.614 - l.%); Oc to 0.02%; CQ = 0.00123; 

R = 4.4 X IO6. 
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(b) u = 14.4O, 

Figure II.- Continued. 
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( C )  a = 16.20. 

Figure 11. - Continued. 
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Figure ir.- 'Continued. 
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Figure 11. - Continued. 
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(a) a = 10.6~. 

Figure 12.- Airfoil   pressure  distribution  over a 47.5O sweptback w i n g  
with suction. 0.38$(0.614 - 1.0$); 0.005~ t o  0.045~; CQ = 0.00204; 

R = 4.4 X lo6, 
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Chordwise stofion, x/c’ 

(b) a = 14.4O. 

Figure 12.- Contfnued. 
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Chordwise station, x/cl 
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(c) a = 16.2'. 

Figure 12.- Continued. 
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Figure 12. - Continued. 
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(e)  a = 20’. 

FTgure 12. - Continued. 
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(f) a = 24'. 

Figure 12.- Concluded. 
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~ i g u r e  13.- cqntinuea. 
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Figure 14.- Comparison of blower power drag of model with suction through 
porous leading-edge surfaces and leading-edge slots. 
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